Introduction
The Shine-Dalgarno(SD) sequence (Shine and Dalgarno, 1974) of Escherichia coli is known to be a signal to initiate translation. The consensus of the SD sequence is 'AG-GAGG', which is complementary to the 3′ end sequence of 16S rRNA. The widely accepted model is that the 3′ end of 16S rRNA base pairs with the SD sequence in the first step of ribosome binding to mRNA (Figure 1 ). The SD sequences of Bacillus subtilis are also known to have clear consensus of 'AGGAGG'.
On the other hand, archaebacteria, A. fulgidus and M. jannaschii, are said to have systems of translation different from those of eubacteria and eukaryotes. Furthermore, some eubacteria, such as Mycobacterium genitalium, do not seem to have SD-like sequences.
Instead of directly displaying consensus sequences using software such as Sequence Logos (Schneider, 1996) , we have developed a method to analyze systematically basepairing potentials between the 3′ end of 16S rRNA and 5′ UTRs of all genes. The base-pairing potentials between the two sequences are calculated as free-energy values, and those values at each position in 5′ UTR are averaged over all of the genes, in order to visualize the base-pairing trend of the organism as a whole.
System and methods

Genome sequences used
The complete genome sequences of the following 12 prokaryotes and Saccharomyces cerevisiae chromosome I and chromosome XII were obtained from National Center for Biotechnology Information (NCBI) (ftp://ncbi.nlm.nih.gov/): Haemophilus influenzae Rd, M. genitalium, M. jannaschii, Helicobacter pylori, A. fulgidus, Borrelia burgdorferi, Synechocystis PCC6803, Mycoplasma pneumoniae, M.thermoautotrophicum, Bacillus subtilis, A. aeolicus. In addition, we used in our analysis a 'clean' set of Synechocystis sequences whose start codons have all been confirmed by laboratory experiments by Sazuka and Ohara (1996) . The numbers of genes in each data set are shown in Table 1 . The GenBank accession numbers corresponding to the respective data sets are also shown in Table 1 . 
3′ Ends of 16S rRNA sequences
The 3′ end sequences (20 bases) of 16S rRNA of the 12 organisms and 18S rRNA of S. cerevisiae are shown in Table 2 .
Free-energy computation
The 3′ end sequence of each organism is systematically aligned with 5′ UTR of all genes in the organism, with a window size of 20 bp from positions 0 to -50, originating start codons. In the alignment, small gaps (bulges) and mismatches (interior loops) are permitted. For each window, the standard dynamic programming method is applied to find the best alignment with the lowest free-energy value. The free-energy value is calculated by summing the ∆G values released and ∆G values demanded, as in the following equation:
where P ∆G x is the free-energy value which is released by base pair formation and P ∆G u is the free-energy value demanded to maintain single-stranded loops (Turner et al., 1987) .
In this way, free-energy values are computed for each base position (from 0 to -50) for each gene. We then take the average free-energy values at each base position over all genes. These averaged values are plotted to visualize the organism's overall tendency of base pairing between 16S rRNA and 5′ UTR.
The program
The algorithm above has been implemented in the C programming language and the program runs on the UNIX operating system. It takes two file names as its arguments: a genome sequence file in GenBank format and a file containing a 16S rRNA 3′ end sequence. The program generates a list of averaged free-energy values for each position, which are ready to be fed to graph-drawing software such as XGRAPH.
Results and discussion
The average free-energy values fall sharply about 15 bp upstream from the start codon in E. coli (Figure 2) , which is consistent with the model that the 3′ end of 16S rRNA base pairs with the SD sequence located around that position. Bacillus subtilis shows a deeper fall and its location is shifted a few bases to the left, more distant from the start codon (Figure 2) . Haemophilus influenzae, H. pylori and A. aeolicus (Figure 3) show patterns similar to E. coli, indicating that the organisms have basically the same translation initiation mechanism.
The other four eubacteria, M. genitalium, M. pneumoniae, B. burgdorferi and Synechocystis, also show free-energy falls (Figure 4 ), although they are less evident and their shape is significantly different from that of E. coli. No fall around position -15 is observed in chromosomes I and XII of S. cerevisiae ( Figure 5 ), suggesting that 18S rRNA of the eukaryote does not base pair with a specific region of mRNA.
The result for Synechocystis was significantly different when we used the 'clean' set of data, whose 72 start codons were confirmed by laboratory experiments (Figure 6 ). With this data set, a more evident free-energy fall is present at the same location as the whole genome data, suggesting that the small decrease of Synechocystis in Figure 4 indeed repre- sents base-pairing potentials with 16S rRNA. The less evident patterns in Figure 4 may be in part explained by the fact that the whole genome data contain a significant number of annotation errors in determining initiation codons. A more plausible explanation would be that the 'clean' data set by Sazuka is biased towards highly expressed genes, and highly expressed genes have a stronger signal for translation initiation.
Each of the three archaebacteria, A. fulgidus, M. jannaschii and M. thermoautotrophicum, shows a free-energy fall whose shape is similar to that of eubacteria, but quite different from S. cerevisiae (Figure 7) , suggesting that archaebacteria are close to eubacteria with respect to translation initiation mechanism. This result raises interesting questions, since many cellular processes of archaebacteria are known to be similar to their eukaryotic counterparts.
From the above observations, it appears that our algorithm may be useful in predicting the types of translation initiation mechanism of organisms from their genome sequences alone.
